In mated sows, the level of placental vascularization has a direct effect on fetal growth and litter birth weight. Vascularization of the endometrium and uterus under the control of various polypeptide growth factors is an important early stage in this process. Basic fibroblast growth factor (FGF-2), a polypeptide distributed throughout the mesodermal and neuroectodermal tissues of many species, is a d r endothelial cell mitogen in vitro and has been implicated in neovascularization and wound healing in vivo. As pact of our studies of the distribution of FGF-2 in uterine tissue and its role in placental development and embryo implantation, the localization and changes in the abundance of porcine FGF-2 mRNA in the uterus of mated and unmated gilts were investigated by in situ hybridization rocedures. These procedures were based on the use of [aRS]-dATF'-labeled oligonucleotide probes and a novel set of digoxigenin-labeled oligonucleotide probes generated by reverse transcriptasepolymerase chain reaction (RT-PCR) methods and anti-sense labeling strategies from the corresponding mRNA templates.
Introduction
Basic fibroblast growth factor (bFGF or FGF2) is a cationic polypeptide of m18 KD, distributed throughout the mesodermal and neuroectodermal tissues of many species. Among its biological properties, FGF-2 has been shown to be involved in proliferation, differentiation, and migration of endothelial cells. Various investigations have indicated that this polypeptide growth factor is a potent stimulator of endothelial cell proliferation, and a role for FGF-2 in wound healing has been proposed (Drummond et al., 1995;  Rifkin and Moscatelli, 1989;  Gospodarowict et al., 1987) . FGF-2 is a member of the heparin binding growth factor (HBGF) family of polypeptides and low molecular weight proteins known for their With these in situ hybridization procedures, porcine FGF-2 mRNA was localized during the fmt 30 days of pregnancy to specific tissue areas in the porcine u t e m comprising glandular and luminal epithelial alls and stromal ah of both the stratum hctionalis and stratum basalis regions of the endomettiUm,andwi~thcsmoothmusdeofmgo" and the associated blood vesels. H o w m , no significant increase in the level of FGF-2 mRNA Within these tissues was detected during these early stages of pregnancy or during the estrous cycle of unmated gilts. Thcsc distribution and abundance patterns are only padally compatible with other teant obserwions suggesting a possible role for changing levels of the mature polypeptide form of FGF-2 in the reproductive tract of sows during the early stage of pregnancy. (J Histochem Cpochem 4&1289-1301, 19%) angiogenic properties and high afiinity for heparin and heparan sulfate proteoglycans (Hearn, 1991;  Burgess and Maciag, 1989 ; Adashi et al., 1988) . Expression of FGF2 as a mature 155-aminoacid polypeptide in the placenta, ovary, and corpus luteum of rat, sheep, cow, human, and pig has been described, and higher molecular weight forms of FGFZ arising from altemative splicing of the FGF-2 gene have been detected in pig ovary, placenta, and brain (Bugler et al., 1991;  Hearn, 1991;  Bertolini et al., 1989;  Gospodarowicz et al., 1985) . By exploiting the affinity of FGFZ for immobilized heparin or metal ion affinity adsorbents, the mature 18-KD form and other extended and truncated forms of the FGF2 polypeptide have been isolated from various tissues, including brain, pituitary, hypothalamus, thymus, kidney, ovary, corpus luteum, and placenta (Hearn, 1991;  Bertolini et al., 1989;  .
In reproductive tissues, angiogenesis takes place as a repetitive physiological event. For example, in the ovary. angiogenesis OECU~S during the postovulatory stage with vascularization of the corpus luteum (Koos and Seidel, 1989) . Similarly, the placenta, during the initial rapid stages of development and increase in size, also becomes highly vascularized to enable nutrient and oxygen exchange to readily occur from the mother to the developing fetus (Reynolds et al., 1986) . I n the pig, fetal growth and birth weights are highly correlated with placental weight (Alexander, 1964) and the level of placental vascularization (McKeon and Record, 1953) . However, litter size is not purely dependent on ovulation rate 01 fertilization level, which can be very high in the pig, but is also dependent on the number of implantation sites available in the uterus and the amount of vascularization of the formed placenta. Regulation of the angiogenic events in the uterus of mated sows or gilts can be proposed to represent a fundamental process essential to the establishment and progression of the pregnancy, involving key indicators of the survival rate of the developing piglets to reach full term with unimpaired birth weights.
Previous studies by Kimelman and Kirschner (1987) have indicated that FGF-2 is responsible for inducing mesoderm formation, and its presence has been detected in early stage rat embryos. Similarly, studies by Presta (1988) and Cordon-Cardo et al. (1990) using immunohistochemical methods have demonstrated the presence of the mature FGF-2 polypeptide in pregnant human uterus. Wordinger et al. (1992) have observed in mouse uterus that the translated product is secreted by glandular and luminal epithelial cells and stromal cells in the endometrial tissue and within the smooth muscle cells of the myometrium. In general, the low abundance levels of FGF-2 mRNA in normal tissues have posed problems in studying the distribution of the transcript or the control mechanisms governing expression of the FGF-2 gene, especially when fulllength cDNA probes have been used with hybridization methods to identify the specific cellular target sites within the different tissues under investigation. Our associated investigations have demonstrated that about a twofold change in the level of immunoreactive FGF-2 polypeptide(s) occurs in the uterine wash fluids of sows in the latter phase of the estrous cycle or at approximately Day 10 after mating. However, because the mature translated polypeptide can be readily sequestered within the microenvironment of the associated reproductive tract tissues through binding inter alia to specific proteoglycans, these changes in the "free" levels of immunoreactive FGF-2 may not reflect variation in the abundance of the FGF-2 mRNA over these time periods. The purpose of the present study was to investigate whether FGF 2 mRNA levels change in pig uterine tissues during the estrous cycle or during the very early stages of pregnancy. In particular, the application of synthetic [ a3'S]-dATP-and digoxigenin-labeled oligonucleotide probes, which were designed to function more efficiently with in situ hybridization experimental procedures with FGF-2 mRNA transcripts, was anticipated to permit the detection and localization with higher sensitivity and specificity of cellular sites of expression of porcine FGF-2 mRNA in the uterine tissue of mated gilts from Day 2 after mating to Day 36, and in the uterine tissue of unmated (but estrous cycling) gilts.
Materials and Methods

Essue Collection and PreParation
The animals used for the experimental procedures were obtained on three separate occasions from the Victorian Institute of Animal Science, Animal Research Facility, Department of Agriculture, Victoria, Australia. The first group, comprising 36 gilts, was classified according to their physiological presentation either in terms of days after the onset of the estrous cycle or the days after mating as shown in Eble la. The second group, comprising 10 gilts, exhibited the characteristics shown in Eble Ib, and the third group, comprising 14 gilts, had the features shown in Table IC . The first group of animals shown in Table la were used for studies involving in situ hybridization procedures based on the [a3'S]-dATF'-labeled oligonucleotide probes. The second and third groups of animals shown in Table 1b and IC were used for studies involving in situ hybridization procedures based on the digoxigenin-labeled oligonucleotide probes. The animals were sent to a local abattoir for slaughter and the reproductive tracts were rapidly and aseptically removed from the animals and transferred immediately on ice to a 4°C cold room for tissue preparation. Tissues were collected from various areas of each uterus (both horns). Multiple sections (1 cm2) were cut from the outside of the uterine horns inwards towards the lumen. This procedure took approximately 10 min. Sections were mounted "side-on" so that either cross-sectional or longitudinal sections could be cut from tissues embedded in OCT mounting medium in plastic embedding molds (Miles Laboratories; Elkhart, IN) and snap-frozen in a dry ice and heptane (Merck Australia; Kilsyth, Australia) bath. Tissues were then transported to the laboratory and stored until required at -70°C.
[aa-i'S]-dAP-labeled, Oligonucdeotide-based In Situ Hybridization Techniques
Labeling of Oligonucleotides. Synthetic oligonucleotides, prepared with an Applied Biosystems Model 380A DNA Synthesizer and purified by highperformance ion-exchange chromatography on Zorbax Bioseries Oligocolumns (Dupont Instruments; Wilmington. DE) as described by Guthridge et al. (1989) . were used in these investigations. These oligonucleotides were designed on the basis of criteria established previously (Schmitt et al., 1996; Guthridge et al., 1989) with the bovine and rat FGF-2 cDNA sequence (Kurokawa et al., 1988; Abraham et al., 1986a,b) . The anti-sense oligonucleotides (20 pmol) [5'-GAC ACA ACC CCT CTC TCT TCT GCT E -3 ' (82) or 5'-CTA GTA ATC TTC CAT CTT CTT TCA TAG-3' (B4)] corresponding to different regions of exon 2 of the bovine FGF-2 gene and the corresponding sense oligonucleotides (20 pmol) Kurokawa et al., 1988) were denatured by boiling for 2 min. followed by rapid chilling on ice for 5 min. The oligonucleotides were subsequently labeled with [a3'S]-dATP (Du Pont; Sydney, Australia) in potassium cacodylate buffer (BRL Baltimore, MD) using 1 unit of terminal deoxynucleotidyl transferase (TDT) (Amersham Australia; Sydney, Australia) at 4'C for 24 hr. Duplicate aliquots (1 pl) of the reaction mixture were spotted onto glass fiber disks and precipitated with trichloroacetic acid to determine the 31S isotope incorporation. The reaction was stopped by immersion of the reaction vessel in boiling water for 2 min, the labeled oligonucleotides precipitated with ethanol, centrifuged at 3000 x g, and the pellet washed extensively with cold 70% ethanol to ensure complete removal of the unincorporated [u3'S]-dATP.
[~~~S]-dATPlabeled, Oligonudmtide-based In Situ Hybridization Procedure. Frozen sections 8-10 pm thick were cut on a cryostat (-2O'C) and mounted on baked poly-L-lysine (1 mglm1)-coated slides (Sigma; St Louis, MO). Slides were maintained at -20'C until they were fmed in buffered 4% glutaraldehyde solution (TAAB Laboratories; Berkshire. UK). Half of the slides were treated with ribonuclease A (250 pglml) (Amnd-Pharmacia; Melbourne, Australia). These slides constituted the negative controls. All slides were pretreated by being placed in a hybridization solution consisting of 50% deionized formamide (Merck), 5 x standard sodium citrate (SSC) buffer [I x SSC = 0.15 M sodium chloride and 0.015 M trisodium citrate (Merck)]. 10 mM P-mercaptoethanol (Sigma), yeast tRNA (500 mg/ml) (Boehringer-Mannheim; Mannheim, Germany), sheared salmon sperm DNA (200 pglml) (Boehringer-Mannheim) bovine setum albumin (2 mg/ml), Ficol(2 mglml), and polyvinyl-pyrrolidone (2 mglml) (all from Sigma).
The tissue sections on the slides were hybridized using 30 pl of the [ u3'S]-dATP-labeled oligonucleotide preparations ( 5 x 10' dpm in hybridization buffer per slide in sealed, humidified containers at 43°C for 24 hr. The slides were then washed at room temperature (20'C) in decreasing concentrations of SSC (3 x , 2 x , 1 x ) containing 10 mM P-mercaptoethanol. air-dried, and coated with high-resolution microautoradiograph emulsion (LM-I; Amersham Australia). Slides were then placed in light-proof boxes and exposed at -70°C for 1-2 weeks. After development of emulsion in Phenisol developer (Ilford; Melbourne, Australia), the slides were stained with hematoxylin and eosin. The slides were viewed under the microscope and photographed. Qualitative analysis was performed by counting the numbers of silver grains per unit area per test slide and comparing these values with those of the control slides. To achieve this endpoint, each slide was divided into a number of grid segments, each grid segment corresponding in area to -500 x 500 pm of the tissue section, and the numbers of silver grains per grid segment encompassing the different regions of the tissue were counted in duplicate in a randomized order by the same trained cytohistology technician. The numbers of grains per unit area on the positive (RNAse-free) test slides were then compared to the numbers of grains per unit area on the accompanying negativelpositive control (RNAse-treated, sense probe treated, or probe blank) slides prepared from consecutively adjacent tissue sections for all reproductive tract tissue preparations throughout the estrous cycle and the first 36 days after mating. The intra-and interexperimental variation with this method of counting of the silver grains by an experienced technician was less than 9% and 14%, respectively. After acquisition of these data, the specific silver grain quantity was then compared to the values obtained intra-and interexperimentally with different tissue slices.
Digoxigenin-based In Situ Hybridization Techniques
RNA Extraction. Total RNA was extracted from porcine uterus (0.2 g) following the guanidinium thiocyanate-phenol-chloroform method of Chomczynski and Saachi (1987) .
cDNA Synthesis. Single-stranded cDNA was prepared by reverse transcription of the extracted RNA. The total RNA (1 m) was reverse-transcribed with 1 VI of a 10 Ulml solution of AMV reverse transcriptase (Promega; Madison, WI) in a total volume of 20 p1 containing 5 x AMV Reverse Transcriptase Reaction buffer (Promega), 0.5 mM each dNTP, 1 pl of 0.5 pg/ml Oligo-dT (universal) primer (Boehringcr-Mannheim), and 20 U RNAsin (Promega). The reaction was performed in a GeneAmp tube (Perkin Elmer Cetus; Norwalk, CT).
The total RNA sample was denatured at 65% for 10 min in the reaction mixture containing a11 the reagents above except for the AMV reverse transcriptase enzyme and then quenched on ice. The reverse transcriptase enzyme was then added and the total mixture was left at 42% for 1 hr in a DNA Thermal Cycler (Perkin Elmer Cetus). The reaction mixture was then kept at 4°C till required.
Oligonucleotide Primers. Unique oligonucleotide primers not previously known in the literature were designed on the basis of our detailed analysis of the degeneracy of various regions of the bovine (Abraham et al., 1986a) . human (Abraham et al., 1986b) , rat (Kurokawa et al., 1988; Shimasaki et al., 1988) . and porcine (Katsahambas and Hearn. 1996) FGF-2 genomic and cDNA nucleotide sequences, taking into account minimization of the base degeneracy and optimization of the hybridization entropy using the ENERGOFIT program (Schmitt et al., 1996) . The primers were synthesized using an Applied Biosystems Incorporated DNA synthesizer Model 380A. The sequences of the primers were
ASP (anti-sense) 5'-CCG GTCGAC AAA ATG AGA TCA GAT GCT GCC-3' Sal 1
Polymerase Chain Reaction Procedures. The PCR procedures were performed with the primer combinations New LPBl and New 2Be or New LPBl and ASP. The PCR combination involving New LPBl with New 2Be (and USP-3 with ASP) was performed in triplicate and the products pooled so that a greater overall yield of the PCR product was obtained. The cDNA template (0.25 pg in 5 pl) was added to the Master Mix solution (85 pl) containing 1 x PCR buffer (50 mM KCI, 20 mM Tris-HC1, pH 8.4, and 0.1 mglml bovine serum albumin), 2 mM magnesium chloride, 0.25 mM each dNTP, 30 pmol sense primer, and 30 pmol anti-sense primer in a GeneAmp reaction tube per primer combination.
Each mixture was denatured at 98°C for 2 min in a DNA Thermal Cycler and then the sample was chilled in an ice bath. Ampli-Taq polymerase (10 pI of a 0.15 Ulml solution) (Perkin Elmer Cetus) was added, together with 100 pI of light mineral oil (Sigma), to each tube. All tubes were briefly spun at -4000 x g and then placed in the DNA Thermal Cycler for 40 cycles of the following protocol: (a) denaturation at 94'C for 1 min; (b) annealing at 55°C for 2 min; and (c) elongation at 72'C for 3 min. The tubes were then rapidly cooled to 4'C and were stored at this temperature.
The double-stranded cDNA PCR products were examined using the Phast Gel System (Pharmacia Biotech Uppsala, Sweden). The specific cDNA products derived from the above asymmetric PCR procedure corresponded to 182 BP and 511 BP, respectively. The sequences of these PCR products and the accuracy of the designed and synthesized oligonucleotides were verified by comparison with the cDNA nucleotide sequence of the mature form of the porcine FGF-2 (Katsahambas and Hearn, 1996) using the PRISM Ready Reaction DyeDeoxy Terminator Cycle DNA sequencing procedure directly from the double-stranded cDNA PCR products using the AB1 Model 373A automated DNA sequencer (Applied Biosystems; Palo Alto, CA).
KATSAHAMBAS, H E M
Glassware and Slide Prepration. All glassware was washed thoroughly, capped with foil, and baked for 4 hr (>300'C). Plastic slide holding boxes were washed for at least 1 hr with 0.1% diethyl-pyrocarbonate (DEPC) (Sigma) (200 p1 DEPC in 200 ml of milli-Q-distilled water.). Menzel "Su-perFrost" 76 mm x 26 mm ground edge precleaned slides (#04 1206) (Menzel Glaser; Berlin, Germany) and 22 mm x 22 mm coverslips were used. These were wrapped in foil and baked for 4 hr (>300"C). Slides were coated with 0.01% w/v poly-~-lysine (the stock solution was 0.1% wlv in 100 ml, diluted 1:10 in distilled water). The slide rack was dipped into a slide box containing 200 ml of the above diluted solution for 5 min and dried at 60°C for 1 hr.
Tissue Section Preparation. The collected tissue was placed in a Miles OCT mold (Miles Laboratories) and OCT embedding compound was squeezed onto the tissue, covering it and filling the mold. The tissue blocks were then rapidly frozen in a hexane or heptane-dry ice bath ( -70'C) until the OCT compound turned into a white solid. Frozen tissue sections were cut on a Cryostat cryomicrotome after the frozen mold was placed onto the tissue-holding stage containing liquid OCT. When set, 8-10-pm slices were cut and placed on labeled prepared slides. Slides were frozen on dry ice and stored at -70°C until required.
In Situ Hybridization Buffers. The following buffer systems were employed in the hybridization experiments with the digoxigenin-labeled oligonucleotide probes.
Hybridization Buffer Bovine serum albumin (BSA, fraction V) (0.8 g), polyvinyl-pyrrolidone (PVP) (0.8 g), and Ficol(O.8 g) (all from Sigma) were added to 100 ml of 20 x SSC and 100 ml of 200 mM phosphate buffer was then added. When dissolved, 200 ml of deionized formamide (Merck) was added. This solution was kept stirred at 4°C until required for use.
Hybridization Buffer for tRNA and DNA. tRNA (bakers' yeast) 500 pglml and 200 pg/ml DNA (herring sperm) (both from Sigma) were added to the amount of hybridization buffer required for the number of slides prepared. 150 mM Phosphate Buffer NaH2P04 46.8 g (Merck) was dissolved in 2 liters of milli-Q-distilled water and the pH adjusted to pH 7.3, 2 ml diethylpyro-carbonate (DEPC) (Sigma) was added, and the buffer autoclaved.
200 mM Phosphute Buffer Na2P04 15.6 g was dissolved in 500 ml milli-Q-distilled water. the pH was adjusted to pH 8.0, 2 ml DEPC was added, and the buffer autoclaved. 20 x SSC Buffer NaCl 350.64 g and 176.5 g trisodium citrate (both from Merck) were dissolved in 2 liters of milli-Q-distilled water, adjusted to pH 7.0, 2 ml DEPC was added, and the buffer autoclaved. 20 x Phosphate-bufferedSa/ine (PBS). NaCl 340 g, 42.8 g Na2HP04, and 15.6 g NaH~P04.2H20 were dissolved in 2 liters of milli-Q-distilled water and the pH adjusted to 7.0.
Digoxigenin-labeledprobe (DIG) Buffer 1. Tris-HC163.04 g (or 48.44 g Tris base) (Sigma) and 35.06 g NaCl were dissolved in 4 liters of milli-Qdistilled water and the pH adjusted to pH 7.5.
Digom'genin-Weledprobe (DIG) Buffer2. Blocking Reagent 10 g (1%) (Vial 11 in the Boehringer digoxigenin kit) was made up to 1 liter with DIG Buffer 1. This buffer was prepared 1 hr before use at 50-7O'C.
Digom'genin-labeled Probe (DIG) Buffer 3.
Tris-HC1 15.76 g (100 mmollliter), 584 g (100 mmollliter) NaCI, and 10.17 g (50 mmollliter) MgClz (Sigma) were dissolved in 1 liter of milli-Q-distilled water and the pH adjusted to pH 9.5.
Dzgoxigenin-hbeled Pmbe (DIG) Buffer 4. Tris-HC1 1.58 g (10 mmol/liter), 0.37 g (1 mmollliter), and ethylenediaminetetra-acetic acid-disodium salt (EDTA) (Merck) were dissolved in 1 liter of milli-Q-distilled water and the pH adjusted to pH 8.0.
Oligonucleotide Probe Labcling Reaction. To sterile Eppcndorf PCR tubes, the following reagents were sequentially added: the RT-PCR products (as template) (2 pl). 10 x PCR buffer (2 pl), 30 pmol anti-senx oligonucleotide New 2Be or ASP (-1 4); DIG-dNTP mix (Phannacia) (2 pl); 1.5 mM magnesium chloride (prepared from 10 mM magnesium chloride) (20 NI), and milli-Q-distilled water (pH 7.0) (9.5 pl). The tubes were then denatured at 98'C (on a Perkin Elmer Cetus DNA Thermal Cycler) for 2 min and quenched on ice. Undiluted 'Iiq polymerase (0.5 p1) and mineral oil (20 p1) (both from Perkin-Elmer-Roche; Norwalk, CT) were added to each tube and the tubes were centrifuged with an Eppendorf Microfuge for 1 sec. The tubes were then loaded onto the DNA Thermal Cycler for 40 cycles of 1 min at 94'C (denaturation), 2 min at 55'C (annealing), and 3 min at 72°C (elongation). On completion of these cycles, 20 pl of the reaction product from each tube was carefully removed (to avoid inclusion of the mineral oil) and placed in a new sterile Eppendorf tube. To each of these tubes were added the following reagents: 4 M lithium chloride (2.5 pl) and tRNA (2.5 pl) (both from Sigma) and absolute ethanol (Mer&) (75 pl). The tubes were then left at -2O'C for 2 hr and centrihged at 12,500 x g for 20 min. The supernatants were discarded and the pellets washed with 200 pl of 70% ethanol. The pellets were dried on a Speed-Vac concentrator and then resuspended in 20 p1 TE buffer. Immunological dctection of the labeled probe was then performed using a Zeta probe (Bio Rad; Richmond, CA) membrane employing 0.5 pI of the specific probe per 30 pl hybridization buffer (with tRNA and DNA as controls) per slide.
Immunological Detection of Digoxigenin-labeled Oligonucleotide Probes. Zeta probe nylon membranes were cut to fit a dot-blot apparatus based on the number of tubes to be tested. The DIG-labeled oligonucleotide probes (0.5 pl) were diluted to 10 p1 with distilled water. The control DNA (pBR328) was prepared by taking 1 4 of DNA and diluting 1:20 with distilled water, and the sample serially diluted a further 1:10 and 1:100 with distilled water. An aliquot of the diluted DIG-labeled oligonucleotide probes (10 pl) and the control DNA (10 p1 of the 1:20, 1:200, and 1:2000 dilutions) were spotted onto the dot-blot apparatus. As each sunple was loaded onto the dot-blot apparatus the vacuum was applied. When all the samples were loaded, the membrane was removed from the appuatus and placed in an Oven at 60'C for 15 min to dry. The membrane was then equilibrated in DIG Buffer 1 (with gentle shaking) and blocked in DIG Buffer 2 for 30 min (with gentle shaking). The anti-DIG antibody 1:5000 (2 p1 in 10 ml DIG Buffer 2) was added and the membrane placed in a small plastic container and left for 30 min (with gentle shaking). The membrane was then washed in DIG Buffer 1 twice for 15 min (with shaking), followed by equilibration in DIG Buffer 3 (with shaking). The color solution [lo ml, prepared from 45 pl NBT(nitrob1ue tetrazolium salt)], 35 p1 X-phosphate (5bromo-4-chloro-3-indolylphosphate toluidinium salt)] (both from Boehringer-Mannheim), and 9.92 ml distilled water was then added, and the container was covered with foil and left at room temperature (with no shaking) until a visible reaction was observed (-10 min). The reaction was then termhated with the addition ofthc DIG B&er 4 for 5 min.
Digoxigenin In Situ Hybridization Protocol. The following protocol was employed for these experiments.
Slide Fiation. Frozen slides were equilibrated at room temperature (not thawed totally) and fixed for 10 min in fresh fixative (200 ml per slide box) with gentle shaking. The fixative solution comprised 32 ml glutaraldehyde (25%). 128 ml 150 mM phosphate buffer, pH 7.3, and 40 ml ethylene glycol (all from Merck). Slides were washed twice for 5 min in PBS (with shaking).
Proteinase K Treatment.
A solution (IO pl) of proteinase K (Sigma) (500 pglml of PBS) was added to each slide and left at 37'C for 20 min. The slide was then washed three times for 5 min in PBS (with shaking).
Prehybrzdzmtion. Slides were equilibrated in hybridization buffer (without tRNA and DNA) for 10 min. Coverslips with 100 pl of hybridization buffer (without tRNA and DNA) were placed on slides and incubated at room temperature (20°C) for 1 hr.
H y h d i z a h n Pmcedun.
The DIG-labeled oligonucleotide probes (0.5 pl) in hybridization buffer(30 pl) containing 500 pglml tRNA and 200 pglml DNA was added either singly or as pain to each slide, using siliconized baked coverslips. Probe-blank slides using hybridization buffer (containing 500 pglml tRNA and 200 pglml DNA only) and control slides using the pBR328 control DNA (Boehringer-Manheim) (2 nglslide) were also prepared. All slides were hybridized overnight at 37'C in sealed plastic containers.
Washing ofSlider. All slides were washed at 25'C in the following sequence: twice for 15 min in 2 x SSC (with shaking); twice for 15 min in 1 x SSC (with shaking); twice for 30 min in 0.5 x SSC at 42'C (with shaking); and twice for 30 min in 0.1 x SSC (with shaking).
Alkaline Phosphatase Blocking. Slides were equilibrated in PBS and placed for 5 min in 0.25% periodic acid (Sigma) (in PBS), then washed twice for 5 min in PBS (with shaking).
Immunodetection. Slides were equilibrated in DIG B d k r 1 and blocked in DIG Buffer 2 for 1 hr. The anti-DIG antibody (Boehringer-Mannheim) (100 p1) coupled to alkaline phosphatase, diluted 500 times in DIG Buffer 2, was applied using a Dako pen (Dako; Glostrup, Denmark) to produce a "well" around the tissue, and the slides were left at room temperature for 30 min. The slides were washed three times for 10 min in DIG Buffer 1 (with shaking) at 25°C and equilibratedin DIG Buffer 3. The color solution (100 pl per slide) was added after the well around the tissue was remade with the Dako pen. The reaction was terminated by addition of the DIG Buffer 4 for 5 min.
Staining of Shies. Slides were rinsed in water, counterstained with Light Green stain (Schmidt; Heidelberg, Germany) (0.2%) for 30 sec. and rinsed in water. The slides were then dehydrated in absolute ethanol (Merck) twice for 1 min and placed in Histoclear (National Diagnostics; Atlanta, GA) for 2 min. Coverslips were then mounted on the slides using Histomount (National Diagnostics). When dry. slides were viewed under light microscopy and photographed. Qualitative assessment of the differences in color density between the test slides and the respective control slides was then carried out visually by experienced histological investigators. with each experiment involving at least four replicates of the positivelnegative probe hybridizations repeated six times.
Results
In this investigation, [a3?5]-dATP-labeled and digoxigenin-labeled oligonucleotide in situ hybridization procedures were used to localize porcine FGF-2 mRNA in the uterine tissue of mated and cycling gilts. As evident from the results presented below, porcine FGF-2 mRNA can be detected by these in situ hybridization procedures in specific areas of the porcine uterus during the first 30 days of pregnancy, and in particular is associated with epithelial and stromal cells of the stratum functionalis and stratum basalis regions of the endometrium, within the smooth muscle of myometrium, and in the associated blood vessels.
Investigations Based on [cr35S]-dATP-labekd Oligonucleotide In Situ Hybridization Procedures
For the initial studies, [a3%]-dATP-labeled oligonucleotide in situ hybridization procedures were employed. An increase in hybridization signal related to FGF-2 mRNA was seen within the endometrial layer of the uterine sections when comparisons were made between the test slides and the control slides for both the unmated cyclic group and the mated group of gilts probed with the individual anti-sense [a35S]-dATP-labeled oligonucleotides (B2 or B4) or as pairs to increase detection sensitivity. In particular, areas of epithelial and stromal cells within the endometrium and associated endothelial cell membrane areas of the blood vessels exhibited strong signals for the mated gilt group (Figure la) . When tissue sections were examined for the corresponding positive and negative controls (i.e., with the [a35S]-dATP-labeled sense and anti-sense oligonucleotides after RNAse treatment or under probe-blank conditions), the background responses of these RNAse-treated or anti-sense probe-free tissue sections were, as expected, negligible. Figure 1b shows the result with the [a35S]-dATP-labeled anti-sense oligonucleotides for the tissue section after RNAse treatment. In contrast, when rat pituitary tissue sections were used as control cells, significant localization of silver grains was observed with the specific anti-sense probes, but not the control sense probes, in the anterior lobe of the pituitary for the RNAse-free tissue sections (Figure 2) and this response was abolished in the tissue sections after RNAse treatment. This result is in accord with the observation that the anterior pituitary contains high concentrations of FGF2-related polypeptides (Grothe and Unsicker, 1989; Ferrara et al., 1987; Hearn and Bertolini, 1987; Baird et al., 1985; Bohlen et al., 1984; Gospodarowicz et al., 1975) . Using the above procedures, messments of the numbers of silver grains per unit area per slide were made for the mated gilts in the same group and between groups. No significant differences in the hybridization signal responses corresponding to FGF2 mRNA could be detected. On the basis of these results, the conclusion can be drawn that the level of FGF-2 mRNA is similar in these uterine tissues from mated gilts for each day up to Day 36 post mating. Similarly, no significant increase in the silver grain count corresponding to FGF2 mRNA was apparent for the tissue sections obtained from the groups of estrous cycling, unmated animals Over the tested days. Representative results of the localization of the FGF-2 mRNA in the uterine tissue of a cycling gilt at Day 18 of the estrous cycle are shown in Figure 3. 
Investigations Based on the Digoxzgenin-labeled In Situ Hybridization Procedure
Using the in situ hybridization experimental procedure based on digoxigenin-labeled single-stranded DNA probes, generated by asymmetric RT-PCR techniques and anti-sense digoxigenin-labeled methods, resulted in more sensitive detection of FGF-2 mRNA in porcine uterine tissue in comparison to the [a35S]-dATP-labeled oligonucleotide method. The location of the color reaction, occurring only where the anti-sense 182-BP and 5ll-BP oligonucleotide probes had hybridized to cellular regions possessing FGF-2 "A, was very apparent. These results again demonstrated that FGF-2 mRNA was localized to areas comprising the glandular and luminal epithelial cells and stromal cells in endometrial tissue, within the smooth muscle of myometrium, and in membranes of blood vessels, as evident for the tissue section at Day 26 of a mated gilt (Figure 4a ). Comparison of a large number of tissue sections of mated pigs from Day 2 through Day 36, and in particular Days 10-26, indicated that the colorimetric signal generated from the digoxigenin-labeled single-stranded DNA probes was predominantly distributed throughout cytoplasmic regions of the cells, con- sistent with the localization of the mRNA. However, with some tissue sections localization appeared to be also associated with the nuclear compartment, a finding which may be a consequence of the staining process per se with digoxigenin-labeled single-stranded DNA probes due to imperfections in the washing procedure. As expected, no hybridization occurred with the control DNA (pBR328) or the probe-blank slides (Figures 4b and 4c, respectively) . In addition, eosinophilic white blood cells did not produce a color reaction, demonstrating an absence or a very low level of nonspecific binding with the digoxigenin-labeled oligonucleotide procedure. These results documenting a higher level of probe stringency with the digoxigenin-labeled single-stranded DNA probes can be contrasted with the results obtained with the [a3'S]-dATFIabeled oligonucleotide method, in which eosinophilic cells exhibited a strong localized signal. It appears that this response with [a3%]-dATPlabeled oligonucleotides is due to a greater extent of nonspecific binding, because it occurred at similar intensities with eosinophils from both test and control slides, consistent with other results show- ing that eosinophils can bind nonspecifically to DNA probes (Patterson et al., 1989) .
With the digoxigenin-labeled single-stranded DNA probes, as evident from Figure 5 . porcine pituitary tissue sections demonstrated a very strong color response, consistent with the presence of FGF-2 mRNA. However, in these tissue sections, the slide washing steps at the start of Day 2 of the experimental procedure were found to be extremely critical to the degree of color development at the end of the experiment. Intraexperimentally, the color intensity of the .I ,
'
replicates for the DIG-labeled oligonucleotide probe experiments was qualitatively constant. Moreover, it was noted during the development of these protocols that interexperimentally the color intensity was affected by the slide washing duration, with variability in the background of the control slides evident if the time of the washing steps was reduced by a factor of 1.5 or more. Similar observations have been made with other DIG-labeled oligonucleotide probes (Holtke et al., 1992; Kessler, 1990 Kessler, ,1991 Holtke and Kessler, 1990) . For these reasons, the experimental procedures were stan-. .
. _ - dardized on the protocol described in Materials and Methods. Despite the enhanced detection sensitivity, qualitative analysis of the color intensity of the tissue sections failed to demonstrate any significant changes in the level of FGF-2 mRNA in the reproductive tract tissues at the proliferative phase and the secretory phase of the estrous cycle over the test period of 18 days (Figures 6a and 6b ) and over the first 36 days of pregnancy. For example, Figures 7a and 7b (cf.  Figure 4a) show the hybridization results for the porcine endometrium at Day 6 and Day 36 after mating. respectively.
Discussion
In the pig, the potential litter size is determined by ovulation rate. However, the actual litter size is often much less than the ovulation rate because of prenatal losses due to fertilization failure, embryo mortality, and fetal loss. Ovulation rate is believed to be the primary factor limiting the size of litters produced by gilts because of the inherently lower ovulation rate of these animals compared to sows. In general, fertilization rates are between 90% and 100%. and it seems unlikely that fertilization failure (except where it is total) will have a major effect on the size of the litter ultimately produced. In contrast, losses during pregnancy may drastically reduce the size of the litter produced. Most of the prenatal loss in gilts and sows occurs in the embryonic period (up to Day 36), mainly in the period up to Day 20 post mating. Migration. uterine attachment, and spacing of embryos are events that can produce embryo loss. Losses during the fetal period (from Day 36 up to parturition at about Day 114) are usually less than 10% and are primarily dependent on uterine capacity. Implantation begins 12-13 days after mating and appears to be a critical period for the survival of the embryo. The other critical stage in embryonic development. at which losses may be high, occurs between Days 6 and 12, when the blastocyst undergoes a rapid and huge expansion. The level of embryo loss in mated sows ranges from 36% to 46% and represents the major factor limiting litter size in sows where litter size is not constrained by ovulation rate (Marrable, 1971 ).
Recent investigations have suggested that neovascularization of the uterus of mated sows during the early stage of pregnancy up to Day 36 constitutes an important event leading to successful establishment and progression of the pregnancy, including subsequent enhancement of the survival prospects and birth weight of -.-the developing fetuses. Because a variety of studies have implicated different members of the heparin binding growth factor family, including FGF-2, in this process, the present investigations have demonstrated the localization and relative abundance of FGF-2 mRNA in the reproductive tract tissues of mated gilts over the first 36 days of their first litter pregnancy, rather than older sows, to be determined.
As evident from the above results with tissue sections obtained from the uterus of the mated and unmated pigs, near to the bor-der of the endometrium and myometrium, many regions existed in which the morphological characteristics of the uterine gland structures, blood vessels, and stromal cells were generally very similar in appearance at the corresponding day of tissue collection for both the mated and the estrous cycling pigs. However, longitudinally, some differences for both these groups of pigs were noted, depending on the day post commencement of the estrous cycle or post mating. For example, the density and distribution of the uterine gland structures and connective tissue in the tissue sections of the unmated pig at Day 18 of the estrous cycle, in comparison with the tissue sections of the unmated pig at Day 2 of the estrous cycle, demonstrated fewer (per unit area of the tissue section) but longer and thinner uterine gland structures and a less dense packing of stromal cells. Similarly, the tissue sections from the mated pig at Day 36 exhibited a less dense distribution of larger uterine glands, blood vessels, and a more cavernous nature of the regions encompassing the stromal cells.
Because the objective of this investigation was to examine the distribution of FGF-2 mRNA in analogous regions of the uterus at different stages of the estrous cycle and up to Day 36 post mating, the results from the in situ hybridization procedureswere therefore also expected to reflect the morphological changes that were evident with these different uterine tissues. The results obtained in the initial studies with the [ a35S]-dATP-labeled oligonucleotide probes indicated that little difference in the distribution and levels of FGF-2 mRNA occurred within porcine uterine tissue over the first 36 days of pregnancy or throughout the estrous cycle. This find-ing conceivably could have had its origin in detection sensitivity constraints, which are an inherent feature associated with the use of [ a3?S]-dATP-labeled oligonucleotides (where variability in the radiolabeling efficiency can occur owing to the need for multiple labeling experiments to be carried out at different time intervals with different batches of terminal deoxynucleotidyltransferase of different specific activity) and/or owing to the possible existence of nucleotide mismatches arising from the use of the cDNA sequence related to bovine FGF-2for the design of synthetic [a3'S]-dATPlabeled oligonucleotides used to hybridize to the porcine FGF-2 mRNA. Consequently, nonradioactive digoxigenin-labeled oligonucleotides were also investigated, since relatively large quantities of the labeled probes could be prepared and used sequentially in a number of experiments over a considerable period of time without loss or variation in specific activity (Chan and McGee, 1990) . Moreover, the use of the digoxigenin-labeling procedure was coupled with the preparation of new sets of oligonucleotides based on the recently determined porcine FGF-2 cDNA sequence (Katsahambas and . From the various results with porcine uterine tissue samples probed by the in situ hybridization procedures with either the digoxigenin-labeled or the [ a3%]-dATP-labeled oligonucleotides, FGF-2 mRNA levels in uterine tissue were found to be relatively constant throughout the estrous cycle and the first 36 days of pregnancy. Whether the mature translated form of the FGF-2 polypeptide is also being produced, utilized, or stored in the pig uterine tissue at a constant level throughout these periods of time is open to further investigation. However, it has been noted in radioimmunoassay and ELISA studies with reproductive tract washings of mated sows over the first 30 days that a peak in immunoreactive FGF-2 occurs at Days 10-12 after mating (Katsahambas and Hearn, 1996) , and similar observations have been made with uterine washings from mated female rats and humans (Rogers, 1992; Presta, 1988 ).
In both pig and human, during the proliferative phase of the estrous cycle the stratum basalis of the endometrium contains blood vessels that undergo development (cf. Figures la and 4a ). In contrast to the human, this vascular bed of the endometrial layer of the pig retracts rather than sloughs away at the end of the estrous cycle (Geneser, 1986; Fawcett, 1986; Weiss, 1983) . Together with mitosis of the endothelial stroma, the increase in angiogenesis gives rise to an increase in the size of the stratum functionalis during the second phase of the estrous cycle (the secretory phase) (cf. Figure 6b ). This neovascularization prepares the uterus for development of the concepti when implantation occurs. If implantation does not occur, the stratum functionalis regresses and the cycle begins again. If implantation occurs, the stratum functionalis continues growing to encapsulate the conceptus. During this time and right up to the development of the placenta, angiogenesis i s occurring extensively (cf. Figures 4a and 7a) . It is known that in the endometrium of cycling women, FGFZ is present in relatively high concentration but does not change throughout the menstrual cycle, where a high degree of neovaxularization OCCUKS, but increases in atrophic endometrium (typically postmenopausal endometrium) (Giudice, 1994; Rusnati et al., 1990) . This information, taken together with the qualitative results of the present investigation, suggests that continuous expression of a relatively low level of FGF2 mRNA occurs in specific cellular sites of the endometrium over the estrous cycle or during the first 36 days of pregnancy, but that other growth factors are required in a synergistic role with FGFZ for vascularization to occur in the porcine (and human) uterine endometrium. It is also well documented that the FGF-2 polypeptide is present in endometrial glandular epithelium and is a potent mitogen for endometrial stromal cells in culture (Rogers, 1992; Bertolini and Heam, 1989; and Pidoux and Heam, unpublished observations) . As a known stimulator of angiogenesis and being detected extensively within uterine endometrium, myometrium, and blood vessels therein, it is quite probable that porcine FGF-2 in vivo plays a role in angiogenic events in the uterus of the pig. However, on the basis of the results of the present experiments, whether this role is a dominant one or whether the effects of FGF-2 in the uterus during the early stages of placental development are secondary to the responses of other growth factors requires further investigation.
